There is accumulating evidence that the mammalian cerebral cortex is regionally specified early in neurogenesis. However, the degree and scale of the regional pattern that is intrinsic to different parts of the cortical primordium remains unclear. Here, we show that detailed patterning-the accurate positioning of several areas or fields-is intrinsic to the part of the primordium that generates the hippocampus. A caudomedial portion of the cortical primordium, the site from which the hippocampus arises, was isolated from potential extrinsic patterning cues by maintaining it in explant culture. Explants were prepared at embryonic day (E) 12.5, which is early in hippocampal neurogenesis in the mouse and 3 d before individual fields are seen by differential gene expression. Allowed to develop for 3 d in vitro, E12.5 explants upregulate field-specific patterns of gene expression with striking temporal and spatial accuracy. Possible sources of patterning signals intrinsic to the explants were evaluated by removing the cortical hem or presumptive extrahippocampal cortex from the explants. To expose cells to different local positional cues, explant fragments were grafted into ectopic positions in a larger explant. None of these manipulations altered the development of patterned, field-specific gene expression. Finally, explants harvested at E10.5 also upregulate field-specific gene expression, although less robustly. Some hippocampal patterning information is therefore intrinsic to the caudomedial cortical primordium at the time that the first hippocampal neurons are born at E10.5. By E12.5, hippocampal field patterning appears to be well established and resistant to the manipulation of several potential intrinsic cues.
There is accumulating evidence that the mammalian cerebral cortex is regionally specified early in neurogenesis. However, the degree and scale of the regional pattern that is intrinsic to different parts of the cortical primordium remains unclear. Here, we show that detailed patterning-the accurate positioning of several areas or fields-is intrinsic to the part of the primordium that generates the hippocampus. A caudomedial portion of the cortical primordium, the site from which the hippocampus arises, was isolated from potential extrinsic patterning cues by maintaining it in explant culture. Explants were prepared at embryonic day (E) 12.5, which is early in hippocampal neurogenesis in the mouse and 3 d before individual fields are seen by differential gene expression. Allowed to develop for 3 d in vitro, E12.5 explants upregulate field-specific patterns of gene expression with striking temporal and spatial accuracy. Possible sources of patterning signals intrinsic to the explants were evaluated by removing the cortical hem or presumptive extrahippocampal cortex from the explants. To expose cells to different local positional cues, explant fragments were grafted into ectopic positions in a larger explant. None of these manipulations altered the development of patterned, field-specific gene expression. Finally, explants harvested at E10.5 also upregulate field-specific gene expression, although less robustly. Some hippocampal patterning information is therefore intrinsic to the caudomedial cortical primordium at the time that the first hippocampal neurons are born at E10.5. By E12.5, hippocampal field patterning appears to be well established and resistant to the manipulation of several potential intrinsic cues.
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Classic models of early cerebral cortical patterning suggest two distinct primary mechanisms for the division of cortex into cytoarchitectonic areas (Rakic, 1988; O'Leary, 1989 ). In one model, area patterning arises relatively late in corticogenesis, initiated by innervation from the thalamus (O'Leary, 1989) . In the second, areas develop from a protomap that is intrinsic to the cortical primordium early in neurogenesis (Rakic, 1988) . Accumulating evidence supports the second alternative. First, in macaque monkeys, in which different stages of cortical development are well separated in time, region-specific gene expression is seen in the cortex before thalamic innervation (Donoghue and Rakic, 1999a,b) . Second, in mice deficient for Mash1 or Gbx2, the thalamus fails to innervate the cortex, yet region-specific molecular markers are upregulated in cortex in a patterned manner Nakagawa et al., 1999) . Third, when directly tested in culture or grafting experiments, different regions of cortical primordium reveal that they are already specified to express different molecular markers. These markers include the H-2Z1 transgene, expressed in postnatal somatosensory cortex; LAMP, a limbic cortex marker; latexin, expressed in lateral cortex; and Otx2, a marker of prospective visual cortex (Arimatsu et al., 1992 (Arimatsu et al., , 1999 Ferri and Levitt, 1993; Cohen-Tannoudji et al., 1994; Eagleson et al., 1997; Levitt et al., 1997; Nothias et al., 1998; Gitton et al., 1999) .
A regional pattern is therefore intrinsic to the cortical primordium, but the scale and detail of this pattern remain unclear. That is, the primordium might be just broadly regionalized, with precise area boundaries established only near or after birth, perhaps by thalamic or other extrinsic afferents. Alternatively, a more complete area pattern might be present, a pattern in which areas are already well delimited and positioned accurately with respect to one another. Supporting the latter alternative, the H-2Z1 transgene is upregulated in explants of neocortical primordium in a clearly bounded territory, suggesting that presumptive somatosensory cortex, which forms the template for H-2Z1 expression, is well delimited from an early stage (Gitton et al., 1999) .
We have used the embryonic mouse hippocampus as a model system for determining the detail of intrinsic patterning in a part of the cortical primordium. The hippocampus is well suited to this purpose because it is divided into a small number of major fields, each of which can be identified by specific patterns of gene expression (Tole et al., 1997 (Tole et al., , 2000a Lee et al., 2000b) , and it develops in a restricted, readily identified region (see Fig. 1a,c,d ). In this study, the embryonic hippocampus was tested for intrinsic field pattern by isolating the entire hippocampal primordium from extrinsic patterning cues and maintaining it in explant culture. Explants were prepared at different stages of hippocampal neurogenesis and maintained until they reached a stage comparable with the age at which hippocampal fields begin to differentiate in vivo (Tole et al., 1997) . The explants were then assayed to determine if they develop molecular features of hippocampal fields and how the organization of the in vitro field pattern compares with that seen in vivo.
MATERIALS AND METHODS Animals
Timed-pregnant female CD-1 mice were obtained from the University of Chicago Transgenic Facility and killed by C O 2 inhalation. Noon of the day on which a vaginal plug was noted was termed embryonic day (E) 0.5.
Preparation of explants
Because specific growth factors can regulate expression of regional cortical molecular markers , explant culture conditions were designed so that no undefined growth factors were available to the explants from extrinsic sources to provide potential field specification signals. The overlying meninges and other mesenchymal tissues were removed, and explants were maintained in serum-free medium consisting of DM EM with B27 supplement (Life Technologies, Gaithersburg, MD).
E12.5 explants
E12.5 embryos were dissected in L15 medium (Life Technologies) to isolate the telencephalon. To separate neural tissue from mesenchyme, each telencephalon was treated with 1 g /ml protease X IV (Sigma, St. L ouis, MO), for 3 min, after which the protease was inactivated in L15 containing 10% calf serum. Mesenchyme was removed with fine forceps. Most of the medial wall of the telencephalic hemisphere was dissected out ( Fig. 1c; see Fig. 4 ), leaving behind only the most rostral portion, which is not part of the presumptive hippocampus. E xplants were cultured on Millipore (Bedford, M A) filter inserts for 3 d. At the end of the culture period, explants were fixed in 4% paraformaldehyde and processed for in situ hybridization.
E12.5 explant manipulations
Cortical hem removal. The extreme medial edge of the cortical neuroepithelium, the cortical hem, was removed from E12.5 explants as indicated in Figures 1c and 7a . Within the E12.5 medial telencephalic wall, the cortical hem could be identified as a thinner, more translucent tissue than adjacent cortex. Removal of the hem was confirmed by processing explants with in situ hybridization to show Wnt2b expression, which distinguishes the cortical hem from E11.5 to birth.
Removal of e xtrahippocampal corte x . The E12.5 explants as initially prepared contained not only the hippocampal primordium and cortical hem but also areas of presumptive medial neocortex adjacent to the hippocampal primordium, probably including parts of cingulate and retrosplenial cortex. Unlike the cortical hem, this neighboring medial cortex has not been found as yet to express signaling proteins that might act to pattern the hippocampus. Nonetheless, in principle, this tissue might provide such cues. To test this possibility, we prepared E12.5 explants in which presumptive extrahippocampal cortex was dissected away (Fig. 1c) . The approximate boundary between the hippocampal primordium and extrahippocampal cortex (Fig. 1c, cut 2) was determined on the basis of both morphological and gene expression data. For example, by E12.5, expression of the ephrin receptor EphB1 fills the likely hippocampal primordium but does not extend into adjacent medial cortex (Tole et al., 2000a,b) (Fig. 1a,c) . The outline and size of the hippocampal primordium was therefore determined in E12.5 telencephalic hemispheres processed to show expression of EphB1 (Fig. 1a,c) . These measurements, together with the slight morphological bulge of the hippocampal primordium in fresh tissue and previous illustrations of the embryonic rodent hippocampal -extrahippocampal transition (Altman and Bayer, 1990) , were then used to guide subdissection. To f urther ensure that all parahippocampal cortical tissue was removed, we prepared additional, very reduced explants in which a cut was made partway between cuts 2 and 3 in Figure 1c , thus removing not only medial neocortical tissue, but also the subicular fields and part of CA1.
Ectopic graf ting. In a final manipulation, small portions of the E12.5 medial telencephalic wall were grafted into ectopic positions within a larger explant as shown in Figure 7e . Subdissected, wedge-shaped portions of the E12.5 medial wall, ϳ0.4 ϫ 0.3 mm, were inserted into a wedge-shaped opening cut into the lateral edge of a larger medial wall explant, ϳ2.5 ϫ 1.2 mm.
E10.5 explants
E10.5 explants were prepared by cutting down the midline of the telencephalon and dissecting out the most dorsomedial portion of the embryonic cortex (Fig. 1b) . The same culture conditions were used as for E12.5 explants. After 5 d in vitro (DIV), E10.5 explants were fixed and processed the same as for E12.5 explants.
E15.5 tissue
Patterns of field-and region-specific gene expression were evaluated in E10.5 and E12.5 explants after 5 or 3 DIV, respectively, and compared with the patterns seen normally at E15.5 in vivo. To visualize gene expression patterns at E15.5 in a preparation that would match the cultured explants, the medial telencephalic wall was dissected out at E15.5, placed onto a Millipore filter insert, allowed to flatten, then fixed and processed for in situ hybridization (see Fig. 4 ). Figure 1 . Position of the hippocampal primordium at E10.5 and E12.5. a, c, d, E12.5 telencephalic hemisphere processed for two-color in situ hybridization ( a), viewed from the medial face, rostral to the left. Within the medial wall of the telencephalon, the curving cortical hem is marked by Wnt3a expression (brown). Dorsal to it, the hippocampal primordium ( h), also a curving, longitudinal band, expresses EphB1 (blue). c, The same structures are shown in a coronal section through a similarly processed hemisphere. Again, the cortical hem is marked by Wnt3a expression (brown), and the hippocampal primordium is marked by EphB1 expression (blue). d, In a coronal section at a similar rostrocaudal level, differentiating neurons are marked by class III ␤-tubulin mRNA expression (blue). The dense layer of differentiating neurons is tapered in the cortical hem (white arrow), broader in the hippocampal primordium ( h), and narrowed slightly again at the presumed transition to extrahippocampal cortex (asterisk). Numbered arrows in c indicate the positions at which cuts were made in the medial wall to generate the E12.5 explants used in this study. Initial explants contained the entire dorsal to ventral extent of the medial wall between 1 and 4. To remove the cortical hem, a further cut was made at 3. To remove presumptive extrahippocampal cortex, a further cut was made at 2. cpe, Choroid plexus epithelium. b, Coronal section through the dorsomedial telencephalon at E10.5, processed for class III ␤-tubulin. At E10.5, the dorsal midline of the telencephalon has just begun to invaginate to form the medial walls of each hemisphere (asterisk). The choroid plaque (cp) is at the midline. No hippocampal primordium is discernible, but is likely to be close to the midline. Arrows indicate the cuts that were made to generate E10.5 explants for this study. 
In situ hybridization
Single-or two-color in situ hybridization was performed as described previously (Tole et al., 1997; Grove et al., 1998) . E xplant cultures were processed as whole mounts to detect regional expression of SCIP, K A1, NK3, Steel, and other selected genes.
5-bromo-2Ј-deoxyuridine labeling and detection
In vitro. Neurons generated by cell proliferation in explant culture were labeled by applying 5-bromo-2Ј-deoxyuridine (BrdU) (3 g /ml final concentration) to E12.5 explants on days 1 and 2 of the 3 d culture period. At the end of the culture period, explants were fixed in 4% paraformaldehyde in PBS and sectioned on a cryostat at 10 m. E xplants were first processed for in situ hybridization to detect markers of differentiating neurons, such as GAP43 or class III ␤-tubulin mRNA expression, then processed for BrdU with peroxidase immunohistochemistry as described previously (Grove et al., 1998) .
Various control explants were prepared to test the specificity of the BrdU staining. These control explants were (1) untreated with BrdU, (2) treated with BrdU on day 3 only of the 3 d culture period so that fewer cells would be labeled, or (3) treated on days 6 -10 of a 10 d culture period when few or no new neurons should have been generated. Control explants that had not been treated with BrdU were entirely free of staining. As expected, BrdU-labeled cells were much less numerous in explants treated with BrdU on day 3 of the culture period. Finally, when explants were treated on days 6 -10 of a 10 d culture period (roughly equivalent to E18.5 to postnatal day 2), several cells in the explants were BrdU-labeled, but none coexpressed GAP43 or class III ␤-tubulin, suggesting that these cells were not neurons (see Fig. 3c ).
In vivo. A stock of 10 mg /ml BrdU was used for in vivo injections at 50 mg / kg. Pregnant dams were given a single intraperitoneal injection at E10.5, E12.5, or E14.5. Embryos were harvested at E16.5 and processed for BrdU detection as previously described (Grove et al., 1998) , with one modification. BrdU was detected with a two-step immunohistochemical procedure, first incubating the sections with an FI TC -conjugated antiBrdU antibody (mouse IgG, clone B44; Becton Dickinson, Mountain View, CA), followed by an incubation with an alkaline phosphatase (AP)-conjugated anti-fluorescein antibody (Fab fragments, sheep IgG; Roche Diagnostics, Indianapolis, I N). Sections were then processed to show AP activity, as for the last step of the in situ hybridization procedure. This method is more sensitive than the standard peroxidase immunohistochemical procedure used for BrdU detection and results in the detection of many more labeled cells. Note, for example, the high density of labeling seen in brains labeled with BrdU at E14.5 and analyzed at E16.5 (see Fig. 2c ). Control sections obtained from brains that were not exposed to BrdU were entirely free of staining.
RESULTS

Explant harvest times represent early stages in hippocampal neurogenesis
The hippocampus develops in the dorsomedial telencephalon, which by approximately E11 in the mouse begins to invaginate to form the medial walls of the two telencephalic hemispheres. Overt hippocampal field patterning emerges in the medial telencephalic wall at E14.5-E15.5 when hippocampal fields begin to differentiate with respect to a panel of gene expression markers (Tole et al., 1997; Grove and Tole, 1999; Lee et al., 2000b) . The primary purpose of this study was to determine whether hippocampal field patterning is intrinsic to the dorsomedial telencephalon at earlier stages of neurogenesis, before overt hippocampal fields are seen. E10.5 and E12.5 were selected as appropriate ages provisionally on the basis of previous reports (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979) that neurogenesis begins in the mouse hippocampus at approximately E10.5 and does not peak for pyramidal neurons until several days later. Dentate gyrus neurons begin to be generated at about the same time as CA pyramidal cells, although most dentate neurogenesis occurs in late embryonic and early postnatal life (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979; Altman and Bayer, 1990 ).
BrdU labeling was used to confirm that E10.5 and E12.5 represent early stages in hippocampal neurogenesis in the CD-1 strain of mice used in this study. To label cells that became postmitotic at different ages, we injected pregnant mice once with BrdU at E10.5, E12.5, or E14.5. Embryos were harvested at E16.5, and BrdU incorporation was analyzed. After an injection of BrdU at E10.5 and harvest at E16.5, labeled cells are extremely sparse in the hippocampal cortical plate-the developing pyramidal cell layer-and in the region of the dentate gyrus (Fig. 2a) . After an injection at E12.5, more labeled cells appear in the hippocampus, but BrdU-positive cells in the pyramidal cell layer remain relatively sparse (Fig. 2b) . By contrast, after a BrdU injection at E14.5, the hippocampus contains numerous labeled cells (Fig. 2c) . Although mouse E14.5 represents a relatively early stage in rodent hippocampal gliogenesis (Altman and Bayer, 1990) , some of these BrdU-positive cells may be early generated glia or glial progenitor cells; for example, those in the fimbria, which contains no neurons (Fig. 2c) . However, most of the increased cell labeling in the hippocampal cortical plate appears likely to reflect an increase in the production of neurons. Notably, few labeled cells appear in the dentate gyrus region or developing stratum radiatum, although these regions will contain glia as well as neurons (Fig. 2c) .
Cortical neurons begin to express class III ␤-tubulin mRNA shortly after they become postmitotic and as they are migrating through the intermediate zone to the developing cortical plate. Expression of class III ␤-tubulin was therefore also used to evaluate general hippocampal development at E10.5 and E12.5. At E10.5, class III ␤-tubulin expression reveals few differentiating neurons in the most dorsomedial telencephalon, the future site of the hippocampal primordium (Fig. 1b) . By E12.5, this region has invaginated to form the medial walls of the two telencephalic hemispheres, and the hippocampal primordium can be at least roughly outlined (Fig. 1c,d ). Class III ␤-tubulin-positive cells appear in a dense band, but this band of differentiating neurons remains thin compared with the proliferative ventricular zone, which is primarily unlabeled (Fig. 1d) .
In summary, at E10.5 and E12.5, when explants were harvested for this study, the portion of the dorsomedial telencephalon that generates the hippocampus is composed primarily of proliferating cells and relatively few differentiating neurons. Testing the patterning ability of explants prepared at these ages therefore tests the intrinsic patterning of the hippocampal primordium at the earliest stages of its development.
Proliferation proceeds in explant culture and newborn cells differentiate as neurons
The general health and development of the explant cultures was tested by assaying for continued neuronal proliferation and differentiation in vitro (Fig. 3) . We prepared explants of the caudal two-thirds of the medial wall of the telencephalon (Fig. 4) . Proliferating cells were labeled in E12.5 explants by adding BrdU on days 1 and 2 of culture. At the end of the 3 d culture period, explants were double-labeled for BrdU and a selected marker of differentiating neurons. Numerous BrdU-labeled neurons were found to express the general neuronal markers GAP-43 (Fig. 3b) or class III ␤-tubulin, showing that substantial numbers of neurons are born and differentiate in vitro. Most differentiating neurons collect in a layer toward the pial surface of the explant, suggesting that many neurons born in the explant migrate away from the ventricular surface, as they would in vivo, to form an in vitro equivalent of the cortical plate (Fig. 3a, asterisk) . Nonethe-less, differentiating neurons also appear in ectopic positions not far from the ventricular surface of the explant (Fig. 3a, arrowheads) , suggesting that radial migration is not completely preserved in the explants, as noted previously for slice cultures (Tole et al., 1997) .
E12.5 explants develop a field pattern revealed by gene expression
BrdU-labeled neurons were also found to express SCIP (Fig. 3d) , a POU-domain gene that is expressed in the pyramidal neurons of CA1 but not other hippocampal fields beginning at E15.5 (Tole et al., 1997) . Thus, neurons born during the culture period also go on to upregulate expression of a characteristically regionally expressed gene. Is gene expression upregulated in field-specific patterns in the explants as it is in vivo?
To determine whether a detailed field pattern develops, the explants were processed as whole mounts for in situ hybridization (left, rostral; top, dorsal) . For an initial set of explants, most of the medial wall of the telencephalon was dissected away (b, broken line) and placed on a filter. c, Bottom, E15.5 medial wall tissue processed immediately for in situ hybridization displays field-specific gene expression patterns. The hippocampal fields appear as curving, longitudinal bands. Top, E12.5 explants processed immediately do not show these field-specific gene expression patterns.
to detect regional expression of several genes, three of which, in vivo, are permanently expressed in particular hippocampal fields. From E14.5 to E15.5 into adulthood, K A1, which encodes a glutamate receptor subunit, and SCIP, a POU-domain gene, are expressed in the pyramidal neurons of CA3 and CA1, respectively (Wisden and Seeburg, 1993; Frantz et al., 1994; Tole et al., 1997 Tole et al., , 2000a Lee et al., 2000b) . Steel, which encodes the c-kit ligand, has a variable and dynamic pattern of expression in the hippocampus but is expressed consistently in the granule cells of the dentate gyrus from E15.5 into adulthood (Motro et al., 1991; Lee et al., 2000b; Tole et al., 2000a,b) . NK3 encodes a neuromedin K receptor (Shigemoto et al., 1990) and is transiently expressed in the embryo and neonate in contiguous parts of CA1 and CA3 (Tole et al., 2000a,b) .
Patterns of gene expression were compared among E12.5 explants maintained for 0 or 3 DIV and medial telencephalic walls harvested at E15.5. In the E15.5 tissue, expression of the four genes appears in concentric curving bands that correspond to the embryonic hippocampal fields. SCIP is expressed in a broad outer band in CA1 and adjacent extrahippocampal cortex (Fig. 5c) , K A1 is expressed close to the medial edge in CA3 (Fig. 5f ) , and NK3 expression nests between SCIP and K A1 in adjacent parts of CA1 and CA3 (Fig. 5i) . The dentate gyrus is marked by a dark band of Steel expression near the medial edge of the explant (Fig.  5l ) . As expected, explants processed immediately at E12.5 reveal no detectable expression of any of the four genes (Fig. 5a,d,g,j) . By contrast, after 3 DIV, explants have upregulated the expression of each gene in a localized and robust manner that compares well with the normal regional pattern at E15.5. SCIP is expressed in a broad outer band (Fig. 5b) , K A1 is expressed close to the medial edge (Fig. 5e) , and the NK3 expressing band is intermediate between SCIP and K A1 (Fig. 5h) . Additionally, the bands of NK3 and K A1 expression in E12.5 (3 DIV) explants are remarkably close in absolute width (200 -300 m) to those in E15.5 tissue (Fig 5, compare e/f and h/i). Finally, a medial band of Steel expression indicates the development of dentate gyrus cells in the E12.5 (3 DIV) explants (Fig. 5k) .
Additional genes are expressed transiently in characteristic regional patterns in the embryonic hippocampus, including those that encode the activin receptor, ActRII; the ephrin receptor, EphB1; and the glutamate receptor, iGluR7 (Tole et al., 2000a,b) . Expression of these three genes was examined in a small number of explants with similar results: patterned gene expression seen in E12.5 (3 DIV) closely matches that seen in E15.5 tissue (data not shown).
To assess the spatial accuracy of the field pattern further, explants were assayed for expression of two genes at once. Explants prepared for these experiments included the extreme medial edge of the cortical neuroepithelium, the Wnt-rich cortical hem (Grove et al., 1998) . Wnt2b expression was therefore used to mark the cortical hem and provide a medial landmark in the explants. In E15.5 tissue, the band of strong K A1 expression, marking all of CA3, is close to the Wnt-expressing cortical hem (Fig. 6d,h) . A wider gap appears between the cortical hem and the band of NK3 expression, which marks only a part of CA3 as well as a contiguous part of CA1 (Fig. 6b,f ) . The same relative positioning of Wnt2b, NK3, and K A1 expression appears in E12.5 (3 DIV) explants (Fig. 6, compare a/ b, c/d, e/f, and g/h) . Additional two-color in situ hybridization confirmed that the domains of K A1, NK3, and SCIP expression are nested in the explants as they are in vivo (data not shown).
Virtually all E12.5 (3 DIV) explants showed similar behavior In summary, at E15.5, hippocampal fields appear as multiple, longitudinal, curving bands in the medial wall of the telencephalon. Each band, defined by particular gene expression patterns, has a characteristic width and position. Despite imperfect cell migration within the explants, noted above, multiple bands with remarkably similar widths and positions appear in explants of the E12.5 medial wall maintained for 3 DIV, deprived of all potential extrinsic patterning signals. These observations suggest either (1) a precise regional pattern was already specified in the explants when they were prepared at E12.5, or (2) cues from within the explant itself patterned the tissue during the culture period. Three potential sources of patterning cues within the explants are the Wnt-rich cortical hem (Grove et al., 1998; Lee et al., 2000b) , the presumptive extrahippocampal cortex, and tissue interactions within the hippocampal primordium itself. These candidates were evaluated in turn.
Removal of the cortical hem at E12.5 does not disrupt development of field pattern
The cortical hem is a band of tissue at the extreme medial edge of the cortical neuroepithelium, between the hippocampal primordium and the telencephalic choroid plexus (Grove et al., 1998) . The hem expresses multiple Wnt and Bmp genes throughout hippocampal development and may act as a signaling center that directs development of the dorsal telencephalon, including the hippocampus (Furuta et al., 1997; Grove et al., 1998; Grove and Tole, 1999; Lee et al., 2000b) .
To determine whether signals from the cortical hem regulate patterning in explants of the E12.5 medial wall, we prepared a new set of explants that lacked the cortical hem (Figs. 1c, 7a) . After 3 DIV, the explants were processed with two-color in situ hybridization to visualize expression of Wnt2b and one of three hippocampal markers. Because Wnt2b expression robustly labels the cortical hem between E11.5 and birth (Grove et al., 1998) , absence of Wnt2b expression in an explant was taken to indicate successful removal of the hem, and only those explants with no cortical hem were used in analysis. Data from four separate culture batches are summarized in Table 2 and illustrated in Figure 7 . In most explants, SCIP, K A1, and NK3 are expressed, and marker expression appears in the correct position, given that the most medial part of the tissue has been taken away ( Fig.  7b-d) . Steel expression was not examined because hem removal was likely to have eliminated the adjacent dentate neuroepithelium as well. Indeed, some explants may have failed to express NK3 or K A1 because medial hippocampal tissue was removed inadvertently. In mice deficient in Wnt3a, a Wnt gene expressed selectively at the cortical hem, the hippocampus is either absent or represented by tiny, residual cell populations (Lee et al., 2000b) . Analysis of Wnt3a-mutant mice at E15.5 or E18.5, for example, reveals no NK3-expressing hippocampal cells and few or no K A1-expressing CA3 cells (Lee et al., 2000b) . Wnt3a expression is maintained in the cortical hem in explant culture (data not shown), implying that removing the hem from E12.5 cultures abolishes a Wnt3a signal required for hippocampal field development in vivo. Nonetheless, E12.5 (3 DIV) explants from which the cortical hem was eliminated contain substantial populations of both NK3-and K A1-expressing cells (compare Figs. 5e,h and 7c,d ). These observations suggest that Wnt3a is most critical to the developing CA fields before E12.5.
Removal of extrahippocampal cortex at E12.5 does not disrupt development of field pattern
In addition to the hippocampal primordium and the cortical hem, initial E12.5 explants contained portions of presumptive medial neocortex adjacent to the hippocampus, probably including parts of the cingulate and retrosplenial areas. Unlike the cortical hem, this medial cortical tissue has not yet been found to express signaling proteins that might act to pattern the hippocampus. Nonetheless, it has been suggested that this tissue might provide such patterning cues (Tole et al., 1997) . To test this possibility, we prepared new E12.5 explants in which presumptive extrahippocampal cortex was dissected away using morphological and Figure 6 . Upregulation of regional markers in E12.5 explants is positionally accurate. a-h, Explants of the medial wall of the telencephalon processed with two-color in situ hybridization to show expression of the region-specific markers Wnt2b, K A1, and NK3. Wnt2b expression marks the Wnt-rich cortical hem in each explant (b, d, hem) , providing a medial landmark. K A1 expression marks CA3 (d, h), whereas NK3 expression marks cells on either side of the CA1/ CA3 transition (b, f ). Thus, in E15.5 tissue, the curving band of K A1 expression is closer to the Wnt2b-expressing hem than is the band of NK3 expression (compare b and  d, f and h) . The same relative positioning of bands of Wnt2b, NK3, and K A1 expression appears in E12.5 (3DIV) explants (compare a and c, e and g ). Even the absolute distances between bands appear similar in E15.5 tissue and E12.5 (3DIV) explants (e, f, arrows). Scale bars: a, c, 0.95 mm; b, d, 1.0 mm; e-h, 0.27 mm. In addition, we prepared some very reduced explants in which almost all of the SCIP-expressing territory was removed, including not only presumptive medial neocortex but also the subicular fields and part of CA1. After 3 DIV, explants were processed as before to show expression of SCIP, NK3, and K A1, each of which was upregulated in a position-appropriate manner (18 of 18 explants, two culture batches), even in the highly reduced explants. Thus, field-specific patterns of gene expression appear in explants deprived of either the cortical hem or the presumptive extrahippocampal cortex. These findings suggest that at E12.5 the hippocampal primordium alone can generate a field pattern.
Expression of a CA3 marker resists modification by cues in a new environment
Patterning cues during the culture period could also be provided by tissue interactions within the hippocampal primordium itself.
To test this possibility, medial fragments of the medial telencephalic wall were grafted into a more lateral position in a larger host explant (Fig. 7e) . Thus, presumptive CA3 cells, which can be unequivocally identified by K A1 expression, were confronted with a novel environment of presumptive CA1 and subicular cells. Nonetheless, after 3 DIV, expression of the CA3 marker K A1 was robustly upregulated at an appropriate medial position in each graft (Fig. 7f,g ) (18 of 19 explants, four separate culture batches).
Thus, fragments of the medial wall appear to follow an intrinsic patterning program with respect to K A1 expression. Either the fragments are not responsive to respecification cues in the new, more lateral environment, or no such cues are present.
Explants harvested at the start of hippocampal neurogenesis display intrinsic patterning
In mouse, the first hippocampal neurons are born at approximately E10.5 (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979) . The hippocampal primordium is not morphologically identifiable at this age, but probably lies in the most dorsomedial part of the telencephalon, a region that is in the process of forming the medial walls of each telencephalic hemisphere. Explants of this region were prepared at E10.5 (Fig. 1b) and maintained for 5 DIV to attempt to match the development of the medial telencephalic wall at E15.5. Stringent culture conditions ensured that no undefined factors were available to the explants from extrinsic sources to provide potential patterning cues. Under these conditions, which also provide no extra trophic support to the tissue, E10.5 explants grow less well than those prepared at E12.5, and markers of differentiating neurons, such as class III ␤-tubulin, display a reduced, patchy expression (data not shown).
Field marker expression appears similarly reduced in E10.5 (5 DIV), compared with E12.5 (3 DIV) explants (Figs. 5b, e, h, k, 8) , probably at least partly because of reduced explant health. Nonetheless, the most striking feature of the E10.5 (5 DIV) explants is that regional markers are upregulated with positional accuracy (Fig. 8 , Table 3 ). SCIP is expressed most laterally, NK3 more medially, K A1 more medially still, and Steel near the medial edge of the explant (Fig. 8) . Thus, even before a hippocampal primordium is morphologically distinct, some hippocampal patterning information is intrinsic to the dorsomedial telencephalon.
DISCUSSION
By E12.5, explants of the medial telencephalic wall autonomously generate an accurate array of hippocampal fields with respect to several gene expression patterns. This finding suggests two alter- Figure 7 . Manipulating candidate intrinsic patterning cues in E12.5 explants does not disrupt regionspecific marker upregulation. a, To determine the effect of the cortical hem on patterning in vitro, E12.5 explants were prepared without the cortical hem (shaded region). To ensure that the hem could be cleanly removed with a single cut, the medial wall was subdivided, and two smaller explants were prepared from each wall. native hypotheses. Either a field pattern is already specified in the E12.5 medial wall when the explants are placed into culture, or signals from within the explant itself regionalize the tissue during the culture period. The first hypothesis is supported by findings from additional experiments in which candidate sources of intrinsic patterning cues were removed or otherwise manipulated. These findings are consistent with previous studies (Arimatsu et al., 1992 (Arimatsu et al., , 1999 Ferri and Levitt, 1993; Cohen-Tannoudji et al., 1994; Eagleson et al., 1997; Levitt et al., 1997; Nothias et al., 1998; Gitton et al., 1999) showing regionalization in the cortical primordium. The new contribution of this study is to examine the relative positioning of several subdivisions within the same broad cortical region. At least with respect to the hippocampus, our observations do not support a view that the area map intrinsic to cortical primordium is a rough sketch that requires considerable refinement from extrinsic cues. Rather, the hippocampal field map at E12.5 appears to be detailed and precise, with well delimited domains already accurately placed with respect to one another.
Previous studies Arimatsu et al., 1999; Eagleson and Levitt, 1999) show that some region-specific features of cortical cells are specified before the final division of the cell. The present study provides no direct information on whether this is true for the specification of hippocampal cells to express molecular field properties. However, BrdU labeling of E12.5 explants, combined with in situ hybridization to detect neuronand region-specific markers, indicates that a substantial number of cells that go on to differentiate in the explants with respect to these markers are born in the explants. If, as additional findings suggest, the field pattern is already specified in the E12.5 tissue when it is placed into culture, then a reasonable hypothesis is that cells are indeed specified before their final division, which occurs in culture. This issue remains to be explored more directly in future experiments.
An initially surprising observation is how early intrinsic hippocampal patterning is evident. At E10.5, the two telencephalic hemispheres are just forming from a single telencephalic vesicle.
No hippocampal primordium can be distinguished by morphology (Fig. 1) , and hippocampal neurogenesis has just begun (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979; present study) . Nonetheless, explants of dorsomedial telencephalon harvested at E10.5 upregulate an unmistakable, patterned expression of hippocampal field markers independent of signals from the rest of the brain.
Findings from this study are, however, highly consistent with those of classic morphological and birthdating studies that previously disclosed regional differences in the hippocampus during neurogenesis in both rodents and primates (Caviness, 1973; Nowakowski and Rakic, 1981; Rakic and Nowakowski, 1981; Altman and Bayer, 1990) . Notably, in the macaque monkey, the earliest neurons are generated almost simultaneously throughout the hippocampal region, but proliferation ceases at clearly different times for each CA field . More striking still, and particularly relevant to the findings reported here, an initial "slow" phase of neurogenesis in the macaque hippocampus is followed by a "fast" phase that begins at slightly different times in different fields . The slightly slower onset of this second phase of neurogenesis in field CA1, compared with neighboring fields, allows the presumptive CA1 region to be transiently distinguished by morphology near the beginning of hippocampal neurogenesis Rakic and Nowakowski, 1981) . Thus, in the monkey, at least, hippocampal field differences appear close to the onset of neurogenesis. Our own observations, suggesting that a precise molecular field pattern is already specified in the mouse hippocampal primordium at E12.5, are remarkably consistent with these classic observations. Together, these findings indicate the need to identify patterning mechanisms that operate early in hippocampal development.
As is the case for neocortex, cues from extrinsic innervation are available too late. Major extrinsic afferents arrive in the mouse hippocampus between E16.5 and E19.5 (Super and Soriano, 1994) . By comparison, molecular field markers are first expressed at E14.5-E15.5 (Tole et al., 1997 (Tole et al., , 2000a Lee et al., 2000b) . The timing of these two events in the mouse is close, suggesting that a small number of afferents that are difficult to detect could invade the embryonic hippocampus before overt fields appear, providing critical patterning cues. However, this study undercuts this possibility by indicating that a field pattern is intrinsic to the hippocampal primordium several days earlier, by E10.5-E12.5. Thus, extrinsic afferents arrive in an already patterned hippocampus in which individual fields could potentially provide cues for precise axon targeting.
The regional identity of cortical cells could, alternatively, be cued by locally released signaling proteins (Ferri and Levitt, 1995; Figure 8 . Explants harvested at E10.5 show intrinsic patterning. Explants of the dorsomedial portion of single telencephalic hemispheres harvested at E10.5, maintained for 5 DIV, and processed with in situ hybridization. Field marker expression is upregulated less robustly in E10.5 explants than in those prepared at E12.5. Nonetheless, E10.5 explants express SCIP, NK3, K A1, and Steel at appropriate positions in the explants. Arrows indicate bands of expression of NK3, K A1, and Steel at different, appropriate lateral-to-medial positions. Scale bar, 0.6 mm. 
